For numerous enzymes reactive toward small gaseous compounds, growing evidence indicates that these substrates diffuse into active site pockets through defined pathways in the protein matrix. Toluene/o-xylene monooxygenase hydroxylase is a dioxygen-activating enzyme. Structural analysis suggests two possible pathways for dioxygen access through the α-subunit to the diiron center: a channel or a series of hydrophobic cavities. To distinguish which is utilized as the O 2 migration pathway, the dimensions of the cavities and the channel were independently varied by site-directed mutagenesis and confirmed by X-ray crystallography. The rate constants for dioxygen access to the diiron center were derived from the formation rates of a peroxodiiron(III) intermediate, generated upon treatment of the diiron(II) enzyme with O 2 . This reaction depends on the concentration of dioxygen to the first order. Altering the dimensions of the cavities, but not the channel, changed the rate of dioxygen reactivity with the enzyme. These results strongly suggest that voids comprising the cavities in toluene/o-xylene monooxygenase hydroxylase are not artifacts of protein packing/folding, but rather programmed routes for dioxygen migration through the protein matrix. Because the cavities are not fully connected into the diiron active center in the enzyme resting state, conformational changes will be required to facilitate dioxygen access to the diiron center. We propose that such temporary opening and closing of the cavities may occur in all bacterial multicomponent monooxygenases to control O 2 consumption for efficient catalysis. Our findings suggest that other gas-utilizing enzymes may employ similar structural features to effect substrate passage through a protein matrix.
dioxygen transfer | metalloenzyme | stopped-flow kinetics | diiron monooxygenase A large number of metalloenzymes utilize dioxygen as a substrate. Understanding the process by which O 2 gains access to the active sites in these proteins has been a great challenge. Common substrates in biological systems, such as protons and electrons, require specific environments to facilitate translocation (1) (2) (3) (4) . By contrast, gaseous substrates like dioxygen may quickly diffuse through a protein matrix without direct assistance of specific local residues. Several enzymes that utilize gas molecules, such as O 2 (5, 6), H 2 (6, 7), or CO (8) , as substrates have been investigated to understand how these small substances traverse the protein to reach their active sites. Most studies depended primarily on X-ray crystallography combined with Xe pressurization experiments to determine hydrophobic voids within the protein architecture that can be utilized to delineate substrate passage. The strong electron density and similar van der Waals diameter of xenon (4.3 Å) compared to that of O 2 (3.0-4.3 Å) renders it a useful surrogate for visualizing possible dioxygen routes within proteins by X-ray crystal structure analysis (5, 7) . Because small gaseous molecules bind in a nonselective manner to the hydrophobic cavities in a protein, however, further evidence is required to elucidate the actual O 2 migration pathway.
Bacterial multicomponent monooxygenases (BMMs) utilize dioxygen, protons, and electrons as cosubstrates for hydrocarbon oxidation. Dioxygen activation, inter-and intraprotein electron transfer, proton translocation, and C-H oxidation occur through orchestrated motions of three or four components, a hydroxylase, regulatory protein, reductase, and/or Rieske protein (9, 10) , such that the kinetics of substrate consumption and product formation are finely tuned. BMMs have been extensively investigated over the past two decades (11, 12) . Complexity from multiple and concurrent reactions involving several component proteins, however, has impeded the elucidation of important chemical steps during catalysis, including dioxygen migration to the active site.
The first X-ray structure of a BMM, soluble methane monooxygenase hydroxylase (sMMOH) (13) , revealed the diiron active center to lie adjacent to a hydrophobic pocket, buried approximately 12 Å beneath the protein surface. As a first step in approximating the dioxygen transfer pathway in sMMOH, a structure using crystals pressurized with xenon gas was obtained (14) . The Xe atoms localize in a few isolated hydrophobic sites in the α-subunits of the enzyme, hereafter referred to as cavities. Similar results were obtained for another BMM, phenol hydroxylase hydroxylase (PHH), suggesting that the conserved cavities possibly function as a universal dioxygen transfer pathway (15) . This working model, derived only from resting-state enzyme structures, neglects dynamic events that might occur during catalysis. Moreover, the discovery of an extended channel through the α-subunits in toluene/o-xylene monooxygenase hydroxylase (ToMOH) provided an alternative architecture of potential relevance for dioxygen transfer (16) . This finding raised the question, for the BMM family, how does dioxygen access the active sites and is there a conserved pathway?
To address this question, a method other than structural characterization was required. For ToMOH variants, measuring catalytic efficiency, k cat ∕K M (O 2 ), was not feasible because the steady-state activity of BMMs, as measured by the formation rate of oxidized hydrocarbon product, is independent of dioxygen concentration and therefore not reflective of the dioxygen migration step (15) . Molecular dynamics simulations may not be easily applicable to BMMs because significant structural changes are expected to occur via component interactions during catalysis. Instead, we directly measured the dependence of the oxygenation rate of the diiron center in the enzyme on the O 2 concentration under pre-steady-state conditions and compared the results for (17) . This result indicated that O 2 access to the diiron site is a rate-limiting step in T201 peroxo formation under pre-steady-state conditions. Thus, the T201 peroxo formation rate can reveal the rate of dioxygen migration/binding to the diiron active site, which has never been explored in any diiron-containing enzyme. Because the T201S variant is active in steady-state catalysis, preserving the single-turnover yields and regiospecificity of the native enzyme (18) , the results of this study are physiologically relevant to the dioxygen transfer pathway in the native ToMO system. Although sMMOH is the more thoroughly investigated BMM, there are two experimental limitations to the application of the same methodology for this enzyme. First, the dioxygen access or binding step has never been directly observed. Upon the reaction of reduced sMMOH with dioxygen in the presence of its regulatory protein, the first oxygenated species to appear does so at rates much slower than the decay rate of the reduced diiron centers, indicating that O 2 consumption is coupled with, or preceded by, slower step (s), possibly structural reorganization or formation of uncharacterized intervening species (19, 20) . In addition, a recombinant expression system to produce sMMOH variants in sufficient quantities for detailed kinetic studies has never been achieved. Toluene monooxygenases including ToMOH, however, can be expressed in Escherichia coli, thus facilitating site-directed mutagenesis studies (21, 22) .
Based on the X-ray structures of ToMOH (Fig. 1A) , nine residues from among those identified as plausible candidates along the dioxygen transfer pathway were selected for mutagenesis. Design and selection were also aided by the structure of an analogous protein, toluene 4-monooxygenase hydroxylase, in complex with its regulatory protein (T4moH-T4moD or T4moHD) (23) (Fig. 1B) ; a similar structure is not yet available for the ToMO system. The variants were designed primarily based on size rather than hydrophobicity with the assumption that steric bulk and the attendant alterations in the volume of the pathways are most critical for controlling O 2 access (24). Two mutations, however, were designed to probe hydrophobicity as well as the size of the amino acids because a polar residue may contribute to the slower rate of dioxygen transfer (25) . In the experiments described here, a T201S mutation was introduced to provide a sensor, in the form of an optical transition at 675 nm (17) , to detect dioxygen arrival at the diiron sites via formation of the T201 peroxo intermediate. Double or triple variants were prepared and crystallographically characterized to evaluate whether or not the additional mutation would modify the dimensions of various hydrophobic sites along a putative pathway chosen for interrogation. Finally, T201 peroxo formation rates were individually measured from the reaction of the reduced ToMOH variants and dioxygen in the presence of ToMOD to evaluate whether the steric alterations along the potential O 2 -migration pathways would result in increases or decreases in the dioxygen transfer rates.
Results and Discussion
Structural Analysis of ToMOH and Design of Mutants. An X-ray crystal structure of ToMOH revealed three potential access routes leading from the protein exterior to the diiron active sites as putative dioxygen transfer pathways (15, 16) . They are a series of adjacent cavities, a pore, and a channel. Similar features occur in the structure of T4moH (23) .
The first route comprises three adjacent hydrophobic cavities 1, 2, and 3, numbered according to their increasing distance from the diiron active site (Fig. 1A) . They are observed in all structurally characterized BMMs. In previous X-ray studies conducted with crystals of BMM hydroxylases exposed to Xe under pressure, this inert gas was readily observed in the cavities (14, 15) . This finding suggested that the cavities might serve as access routes for O 2 and/or small hydrophobic molecules such as CH 4 to the active site.
The pore is the smallest and shortest pathway from bulk solvent to the active sites. It is conserved in some BMMs, with a size and shape that varies depending on the enzyme. Structural studies of PHH and T4moH in complex with their respective regulatory proteins revealed that the latter bind to the hydroxylase where the pore region exits the protein surface approximately 12 Å above the diiron center (23, 26) . Because of this interaction, the pore is no longer exposed to solvent and therefore less likely to provide a route for dioxygen access; the regulatory proteins are required for dioxygen activation. Based on these observations, we excluded the possibility that the pore is involved in dioxygen transfer.
The second available route for dioxygen migration is a long hydrophobic channel found only in toluene monooxygenases including ToMOH and T4moH that measures 6-10 Å in width and 30-35 Å in length, more than sufficient to accommodate dioxygen passage (16, 23) . The channel is connected to the diiron active site, overlapping with cavities 1 and 2 at the entryway (Fig. 1A) . It is therefore a plausible path for dioxygen as well as arene substrate migration, for which it was originally proposed. Extensive structural changes occur in the channel upon binding of the regulatory protein (T4moD) to T4moH (T4moHD, Fig. 1B) , however, altering the conformations of amino acid side chains and effectively closing it off from the protein exterior (23) . The structures of T4moH and T4moHD suggest that the channel will transiently open and close during catalysis. Given that the rate of dioxygen migration must be fast enough to access even a transiently accessible pathway, we considered both the cavities and the channel as candidates for O 2 access to the diiron center.
To evaluate the dioxygen transfer pathway in ToMOH, we selectively mutated six residues that form the cavities, I100, W167, F176, F205, V271, and L272, and three that line the channel, L208, D211, and I276 (Fig. 1A) . Each residue was altered to adjust the dimensions in its vicinity. As described above, T201 was also mutated to T201S in order to provide a convenient optical signal, arising from T201 peroxo formation, by which to monitor the dioxygen transfer rate constants under pre-steadystate conditions. Fe Content and Activity Measurements. To assure that the mutations did not greatly perturb the global folding, component interactions, or active site structure of the enzyme system, the iron content and steady-state activity for phenol oxidation were measured. The variants were prepared and characterized as previously described (17) . All 13 variants contained 3-4 iron atoms per protein dimer, similar to the content of the wild-type enzyme (SI Appendix, Table S2 ). Steady-state activities for phenol oxidation, measured as described previously (27) , are listed in SI Appendix, Table S2 (21, 27) . Results for the T201S/F176A, T201S/V271A, T201S/L272A, and T201S/I276E variants are comparable to those of the wild-type enzyme and T201S variant. The activities of T201S/I100A, T201S/W167E, T201S/F205A, and T201S/L272E were diminished, but only by approximately 3-10-fold relative to that of the wild-type enzyme. These results suggest that some chemical step(s) during steady-state catalysis are slightly perturbed, but confirm that all of the enzymes are still active and that the mutations do not greatly perturb the chemical properties of the diiron centers, such as the redox potential and their intrinsic O 2 affinity in the reduced state. For the substitution of a few residues, specifically I100, F176, or F205 with tryptophan, phenol oxidation activity was lost, probably because the newly supplied tryptophan residue serves as an internal substrate without affecting dioxygen activation at the diiron center, as previously observed (28) . Formation of the one-electron oxidized product, a tryptophan-radical species, was monitored at 500 nm under pre-steady-state conditions, confirming that these variants are still able to activate dioxygen. The T201S/L208W and T201S/ L208W/D211W variants were unable to oxidize phenol. We did not obtain optical spectroscopic evidence for tryptophan oxidation in these mutants, possibly because they are located at a distance too far from the diiron center. The inability of the T201S/L208W and T201S/L208W/D211W variants to function as external or internal arene oxidation catalysts may be a consequence of their inability to achieve the necessary conformational changes required for O 2 activation, rendering them unsuitable for the current purposes. Accordingly, these variants were not further pursued.
Structural and Kinetic Studies of ToMOH Variants. Structural alterations arising from each of the amino acid substitutions were evaluated by X-ray crystallography. Seven variants were prepared and structurally characterized, namely, T201S/I100W, T201S/ F176W, T201S/I100A, T201S/L272E, T201S/V271A, T201S/ W167E, and T201S/I276E (Fig. 2 and SI Appendix, Fig. S3 and Table S3 ). None caused misfolding or global structural changes in the protein, only local alterations near the modified side chain. Rates of dioxygen passage to the diiron active sites were measured by the following procedure. Reduced ToMOH variants in complex with ToMOD (ToMOH red D) were allowed to react with O 2 -dissolved buffer in the stopped-flow spectrophotometer at 4°C. Time-dependent absorption changes arising from the formation and decay of T201 peroxo were monitored at 675 nm. The traces were very well fit to a function derived from two consecutive irreversible processes, reduced ToMOH → T201 peroxo → oxidized ToMOH, from which formation rate constants (k form ) could be derived. In the T201S single variant, k form is linearly dependent on O 2 concentration, yielding the second-order formation rate constant (k 2 ) of 0.22 AE 0.01 μM −1 s −1 , as reported previously (17) (SI Appendix, Fig. S2A ). This value is significantly less than that expected for a purely diffusion-controlled encounter (ca. 10 9 M −1 s −1 ), implying that O 2 migration through the protein slows down access to the active site diiron center and is probably coupled to structural fluctuations.
Tracking O 2 Entrance to Cavity 1. The I100 residue is located at the entry position to cavity 1 (Fig. 1) . Based on the sequence and structural alignments, I100 in ToMOH was previously proposed to be the analog of L110 in sMMOH, gating access to the active site (29) . Two different conformations at L110 occur in two crystal forms of sMMOH, suggesting that L110 may shift its position to control the opening of cavity 1 during catalysis. Analogously, different conformations at I100 occur upon binding of the regulatory protein in the T4moHD structure (SI Appendix, Fig. S1A) , with the binding of the regulatory protein causing the side chain to swing out, opening access to the diiron center.
Conversion of residue I100 to tryptophan in the T201S/I100W variant partially occludes active site entry from cavity 1, the indole ring stacking on F196 at a nearly van der Waals distance of 3.6 Å (Fig. 2A) . The closest C⋯C distance of I100 to F196 in the wild-type enzyme is 5.9 Å. The structural changes, however, do not greatly perturb the dioxygen activation at the diiron center as demonstrated in the spectroscopic studies of the I100W single variant (30) . The dioxygen diffusion rate should therefore be diminished if I100 were on the O 2 migration pathway. Pre-steadystate studies of the reaction of a T201S/I100W ToMOH red D preformed complex with O 2 revealed that k form is linearly dependent on the O 2 concentration, but has a rate constant approximately threefold less than that of the T201S variant (Table 1 and SI Appendix, Fig. S2B ). The data indicate that the I100W mutation retards dioxygen passage, consistent with cavity 1 being on the dioxygen transfer pathway. The decay rate of the T201 peroxo intermediate in the T201S/I100W variant was accelerated relative to the value for the T201S variant because the indole ring at I100W served as an internal substrate for T201 peroxo , as described previously (31) .
In addition to the I100W variant, T201S/F176W and T201S/ F205W mutated proteins were investigated to probe further the putative role of cavity 1 in facilitating O 2 access to the active site ( Fig. 1 and SI Appendix, Fig. S3 ). Structural and kinetic alterations as a result of the F176W and F205W mutations were expected to be similar to those observed for I100W, limiting O 2 access to the diiron center. Reaction of neither T201S/F176W nor T201S/F205W ToMOH red D with dioxygen, however, produced the T201 peroxo optical spectrum. Instead, spectral changes at 500 nm, a characteristic feature of a tryptophan-radical species, were monitored as observed in the T201S/I100W mutant. This observation suggests that these variants presumably perform dioxygen activation and generate T201 peroxo , similar to the T201S variant, but the proximity of F176W and F205W to the diiron center caused the peroxo intermediate to react more rapidly with the indole side chain and to decay without accumulation.
The I100A mutation brings about a different structural effect at I100 compared to the I100W, F176W, and F205W variations, enlarging the entrance to cavity 1, as revealed by an X-ray crystal structure analysis of T201S/I100A (Fig. 2B) . In this variant, the shortest C⋯C distance increases from 5.9 to 8.1 Å. As a result, cavity 1 becomes large enough to be fully connected to cavity 2. Although crystal structures of the F176A and F205A variants were not determined, PyMOL (32) models suggested that the mutations increase the size of cavity 1. The abilities of the T201S/I100A, T201S/F176A, and T201S/F205A variants to activate dioxygen were individually monitored. None showed any evidence for a significant build up of the T201 peroxo , although they were still active for phenol oxidation under steady-state conditions. One possibility is that adventitious water/proton(s) become accessible through the larger cavity 1 in I100A, F176A, and F205A mutants, which might quench T201 peroxo , leading to the release of H 2 O 2 . Such autoxidation due to the opening of hydrophobic sites near the active site was previously observed for variants of myohemerythrin (33) . O 2 Passage Through Cavity 2. Residue L272 is located between cavities 1 and 2, close to the intersection with cavity 1 and the channel. The closest C⋯C distances between L272 and cavity 1 (F196) or channel (Q204) residues are 10.6 and 6.1 Å, respectively. Structures of T4moH in the absence and presence of T4moD reveal that the orientation of the L272 side chain can vary significantly, suggesting a leucine gate (SI Appendix, Fig. S1A ) similar to that identified in sMMOH (29) . A glutamate mutation at position 272 was chosen because its side chain can extend farther into the cavity than that of leucine, despite its slightly smaller total volume. Such a projection will diminish the local hydrophobicity and influence the rate of dioxygen migration through that region of the protein (25) . These anticipated structural and polarity changes suggested that the T201 peroxo formation rate would decrease if L272 were on the O 2 migration pathway. The ToMOH L272E crystal structure confirmed that the mutation reduced the size of the protein interior at the point where cavity 1, cavity 2, and the channel merge (Fig. 2C and SI Appendix, Fig. S1B ). As a consequence, the L272E and F196/Q204 residues are 6.1 and 5.9 Å apart, respectively. Reaction of the T201S/L272E variant of ToMOH red D with O 2 generated T201 peroxo , but yielded a rate constant, approximately twofold less than the value of the T201S variant (Table 1 and SI Appendix, Fig. S2C ). This result reveals that cavity 2 is a part of the dioxygen transfer pathway, in conjunction with cavity 1.
A T201S/L272A variant was prepared to gauge the effect of an enlarged cavity 2, because removal of the side chain at L272 makes cavity 2 significantly wider than the native and T201S enzymes. Dioxygen activation of the T201S/L272A, however, revealed no detectable formation of T201 peroxo , probably due to autoxidation as encountered in the T201S/I100A, T201S/F176A, and T201S/F205A mutants described above.
V271 is located in cavity 2. The side chain resides at the interface between cavity 2 and cavity 3 and possibly gates movement between the two cavities during catalysis. The V271A mutation enlarges cavity 2 and creates a direct path from cavity 1 to cavity 3 (Fig. 2D) . During dioxygen activation in the T201S/V271A variant, formation of T201 peroxo was observed, yielding a secondorder formation rate constant of approximately twice that in T201S (Table 1 and SI Appendix, Fig. S2D ). This result, in addition to the L272E mutation, therefore, indicates that cavity 2 is utilized in dioxygen transfer.
Cavity 3 Also Helps to Convey O 2 to the Active Site. The indole ring of residue W167 is located at the interface between cavities 2 and 3 ( Fig. 1 and SI Appendix, Fig. S4 ). In the W167E variant, however, hydrogen-bonding interactions with T341 and E166 draw the glutamate side chain out of the interstitial space between cavities 2 and 3 ( Fig. 2E and SI Appendix, Fig. S4 ). As a result, cavities 2 and 3 merge to form a single chamber, large enough for dioxygen to traverse. When dioxygen was allowed to react with the T201S/W167E variant of ToMOH red D, the second-order formation rate constant was measured to be approximately threefold greater than that of the T201S variant (Table 1 and SI Appendix, Fig. S2E ). The acceleration of dioxygen migration to the diiron center arising from this single mutation at W167 reveals that cavity 3 is also on the path of dioxygen transfer, allowing it to pass on to cavities 2 and 1 to the active site diiron center. It is worth noting that, in the crystal structures of T201S/ L272E and T201S/V271A, a PEG 400 molecule was observed in cavity 3, which may delineate how O 2 gains access to this cavity from the protein surface ( Fig. 2 and SI Appendix, Fig. S5 ).
The Channel Is Not a Primary Route of O 2 to the Active Site. Residues I276 and L208 are located at the narrowest part of the channel and lie opposite one another. The closet distance between two Second-order formation rate constants were obtained from pre-steadystate reaction between dioxygen and at least three independently prepared batches of the protein samples (SI Appendix, Fig. S2 ). Relative second-order formation rate constant is the rate constant normalized to that of the T201S variant, as described in the text.
carbon atoms involving these residues is 5.8 Å. Replacement of I276 with glutamate (I276E) lengthens the side chain and diminishes the size of the channel (Fig. 2F) , the shortest distance between I276E and L208 atoms being 4.6 Å. The mutation, again, increases the hydrophilicity and, as a result, may retard the access of dioxygen if the channel were involved in O 2 transfer to the active site. Reaction of the T201S/I276E variant with dioxygen returned a second-order formation rate constant for T201 peroxo that was unaltered from the value in the T201S variant (Table 1 and SI Appendix, Fig. S2F ). This result strongly suggests that the channel is not a primary pathway for dioxygen delivery.
To highlight the kinetic effects on dioxygen transfer for the five mutants just discussed, we generated relative second-order T201 peroxo formation rate constants (k 2;T201S∕X ∕k 2;T201S ) by dividing the individual rate constant in the double variants (k 2;T201S∕X ) by that for the T201S enzyme (k 2;T201S ) ( Table 1 and Fig. 3) . Decreasing the size of the cavities in the I100W and L272E variants retards the dioxygen transfer rate constants, with k 2;T201S∕X ∕ k 2;T201S < 1. The opposite effect was encountered for V271A and W167E in the cavities, k 2;T201S∕X ∕k 2;T201S being > 1. In contrast, decreasing the channel volume by forming the I276E variant yielded k 2;T201S∕X ∕k 2;T201S of approximately 1. This combination of kinetic and structural information establishes that the three cavities, but not the channel, supply dioxygen to the active site of the enzyme.
The Need for Conformational Changes During Dioxygen Activation.
The foregoing structural and kinetic studies demonstrate that cavities 1-3 are utilized for dioxygen transfer. In the resting-state structures of ToMOH (Fig. 1A) and T4moH, however, these cavities are not connected to one another. We therefore speculate that rapid conformational changes must occur during catalysis to form a connected trajectory for dioxygen access to the diiron active site. Simultaneously, the channel must close off to ensure selective delivery of O 2 through the cavities. The postulated protein fluctuations will probably occur on the microsecond timescale, based on the T201 peroxo formation rates. Temporary opening/closing of hydrophobic sites is probably gated by the I100, L272, V271, and W167 residues as discussed above. Different orientations of these residues were in part observed in the T4moHD complex structure, where cavities 1 and 2 are connected, and the channel is sealed upon regulatory protein binding (23) (Fig. 1B) . Therefore, component interactions between the hydroxylase and regulatory protein are critical for triggering breathing motions in the α-subunit of the hydroxylase and gate substrate access to the active site diiron center. This working hypothesis thus explains a previous report that introduction of the cognate regulatory protein, MMOB, to the sMMOH accelerates the rate of dioxygen consumption by approximately 1,000-fold (19) . Although cavities 1 and 2 are connected as a consequence of the binding of the regulatory protein, further conformational changes are required to form a trajectory to the active site that includes cavity 3. Such a change might be induced by the presence of molecular oxygen itself, in a manner similar to that proposed previously for carbon monoxide in myglobin (34) . Given that cavities appear to be a conserved feature of BMMs, they are most likely not simple packing defects but rather programmed units for O 2 migration in this family of proteins. It is also possible that such cavities are employed for small substrate access to the active site because halogenated alkanes were found to occupy a few cavities in sMMOH X-ray crystal structures of samples cocrystallized with these substances (14) .
Because BMMs react with dioxygen even in the absence of hydrocarbon substrates, conformationally gated dioxygen migration is presumably a conserved strategy designed to control the choreographed consumption of multiple substrates in a timely manner. These simple but elegant protein motions physically increase and decrease the dimensions of the migration pathway, similar to the inhale/exhale motions of breathing. We speculate that the channel structure evolved for aromatic substrate access and/or product egress because it is found only in arene-oxidizing ToMOH and T4moH enzymes. We also conjecture that PHH, which catalyzes phenol oxidation, might have a channel for the same purpose. The absence of a well-defined aromatic substrate pathway in the only available X-ray structure of PHH (26) is now explicable because of the presence of the bound cognate regulatory protein, which we now know can close the channel, as observed in the T4moHD structure (23) .
Concluding Remarks
Structural and kinetic studies of ToMOH variants have revealed that alterations in the size of a series of three cavities leading from the protein exterior to the active site measurably accelerate or decelerate dioxygen migration, as monitored by the formation of a peroxodiiron(III) intermediate upon reaction of the diiron (II) protein with dioxygen. Structural alterations of the channel by which aromatic substrates access the active site had no effect on the rate constant. These results are consistent with the working hypothesis that dioxygen access to the diiron center involves migration through the cavities, approximately 36-40 Å in overall distance. A previously reported structure of the related toluene monooxygenase hydroxylase, T4moH, supports the hypothesis that, in complex with its regulatory protein, the orientation of a few key residues can rearrange to form a specific pathway via the cavities for dioxygen transfer. Given that these cavities are conserved in all BMMs, the dioxygen migration path delineated here is likely to be universal in this family. Temporary protein breathing motions that open and close the cavities may regulate the consumption of small gaseous molecules in a variety of enzymes where the presence of all substrates is not required for reactivity.
Materials and Methods
General Considerations. Heterologous expression and purification of the four ToMO component proteins were carried out as described (18, 21) . For site-directed mutagenesis, a pET22bðþÞ∕touBEA T201S plasmid was used as the template as described previously (17) . Primers used to generate the mutations are listed in SI Appendix, Table S1 and were obtained from Integrated DNA Technologies. Detailed procedures for iron assays (21) and specific activity assays (27) were described previously. These results are summarized in SI Appendix, Table S2 . Extinction coefficients at 280 nm of the ToMOH variants were calculated based on the sequence (35) .
Crystallization, Data Collection, Structure Determination, and Refinement. Seven ToMOH variants were crystallized by using previously published procedures (16, 30) . X-ray diffraction data were collected at the Northeastern Collaborative Access Team beamline 24IDE or at Stanford Synchrotron Radia- Fig. 3 . Relative second-order formation rate constants of T201 peroxo (k 2;T201S∕X ∕k 2;T201S ) in ToMOH variants. Depending on their relative second-order formation rates, columns were filled in dark gray, gray, and light gray for the values <1, ≈1, >1, respectively. tion Lightsource beamline 12-2 and processed using either HKL2000 or iMosflm. Phasing of ToMOH data was accomplished by using MolRep and the 1.85-Å native ToMOH coordinates as described previously (36) . Refinements and building were carried out by Refmac5 and Coot, respectively (SI Appendix, Table S3 ). The atomic coordinates have been deposited in the Protein Data Bank for Fig. 2 A-G and SI Appendix, Fig. S3 , respectively.
Characterization of an Oxygenated Intermediate in ToMOH Variants by Optical Spectroscopy. Optical bands characteristic of the oxygenated intermediate in ToMOH T201S variants, T201 peroxo , were monitored by using a HiTech DX2 stopped-flow spectrophotometer. The procedures to measure formation and decay of T201 peroxo were described previously (18) . Second-order formation rate constants were obtained by plotting the pseudo-first-order formation rate constants versus the dioxygen concentrations used in the reactions and fit to a liner function to measure the slope (SI Appendix, Fig. S2 ).
